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Abstract

The area is located in seismically active belt NW Himalaya resultant of collision between Indo-Eurasian plates. Due to presence of
faults, folds, and active tectonics of Himalayan region, mountain front designs, behavior of fluvial system, and landform develop-
ment have been extensively shaped and sculptured by tectonic activity. In the present study, the assessment of relative tectonic
activity is carried out in the Sukhnag catchment using geomorphic indices: the stream length-gradient index (SL), basin asymmetry
(Af), hypsometric integral (Hi), valley floor width-valley height ratio (Vf), basin shape (Bs), and mountain-front sinuosity (Smf).
These indices were used to compute relative tectonic activity (Iat) among 14 sub-watersheds; class 1 (very high relative tectonic
activity, nill); class 2 (high, SF 1, 2, 5, 6, 9, and 11); class 3 (moderate, SF 3, 4, 7, 8, and 13); and class 4 (low, SF10, 12, and 14).
Tectonic activity is high in sub-watersheds where various tectonic imprints like stream deflections, straightness of streams, deep
valleys, steep slopes, and lineaments of tectonic significance showed their presence; these lineaments showed linear trend with the
dominant zones of earthquake epicenters in the surroundings. Thus, the areas with higher tectonic activity are analyzed by
geomorphic indices, supported by presence of various geomorphic expressions, tectonic imprints and field evidences.
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Introduction

The Himalayan arc is developed by the collision of the Indian
and Eurasian plate onset at ~ 55 Ma (Gansser 1964; Molnar
and Tapponnier 1975; Nakata 1972, 1986; Valdiya 1980;
Nakata et al. 1984; Srikantia and Bhargava 1998; Thakur
1993, 2004; Jain et al. 2002, 2005), and consequent formation
of Himalayan orogeny though subdued, has not yet ceased
(Nakata 1989). Many active faults and neotectonic features
have been reported (Bilham 2004, Valdiya 1992; Yousuf
and Bukhari 2020a; Bali and Wani 2021) that have generated
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major and great earthquakes (Ambraseys 2004; Philip and
Virdi 2006). The geomorphological study of active tectonics
in the late Pleistocene and Holocene are essential to earth-
quake hazard assessment in the tectonically active areas
(Keller and Pinter 2002) like the Kashmir Basin which falls
almost in highest earthquake zones (BIS 2002) with the pres-
ence of seismites (Ali and Ali 2018; Yousuf and Bukhari
2020a) and shows variable response to earthquake shaking
compared to surrounding regions (Ali and Ali 2020; Yousuf
et al. 2020; Yousuf and Bukhari 2020b). The vibration felt by
the geophone in different directions is very different (e.g., Ma
et al. 2018; Ma et al. 2019). Moreover, the several studies
suggest a major NE-dipping thrust fault, Kashmir basin
fault/Balapur fault in Kashmir basin (Ahmad et al. 2013;
Ahmad and Bhat 2012; Shah 2013, 2015a b; Wani and Bali
2017; Wani et al. 2019). The Kashmir basin situated in the
western part of Himalayan orogenic system is at ~ 100 km
distance from the deformation front of the Himalaya (Nakata
1989; Kaneda et al. 2008; Meigs et al. 2010; Madden et al.
2010,2011; Ahmad etal. 2013; Shah 2013; Ali and Ali 2017).

The geologic and geomorphologic processes that continu-
ously work on the earth’s surface resulted in different land-
forms (Crevenna et al. 2005; Bali et al. 2016). The quantitative
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measurements of landforms are accomplished by calculation
of geomorphic indices from topographic maps, digital eleva-
tion model, satellite imagery, aerial photographs, and field
data (Toudeshki and Arian 2011; Wani et al. 2020). The drain-
age patterns and other anomalies evident on topographic
maps, digital elevation models, and aerial photographs are
helpful for structural interpretation (Howard 1967; Kurz
et al. 2007; Gloaguen et al. 2007, 2008; Ali and Ali 2017),
and were helpful in understanding the landscape evolution and
recognize active tectonic movements (Riquelmea et al. 2003;
Malik and Mohanty 2007; Bathrellos et al. 2009; Kamberis
et al. 2012). Geomorphic indices of active tectonics such as
stream gradient (Chen et al. 2003), hypsometric integral (Pike
and Wilson 1971; Strahler 1952), and landform assemblage
are applied to reveal relative active tectonics (Ohmori 1993).
These indices are important indicators used for decoding land-
form responses to active deformation processes and as a re-
connaissance tool to differentiate zones deformed by active
tectonics (Keller and Pinter 2002; Chen et al. 2003).
Therefore, in this study, geomorphic indices are calculated
and supported by investigation of drainage anomalies and
tectonic lineaments. Combination of geomorphic indices has
given a single index (lat) to identify the relative active tecton-
ics in the 14 sub-watersheds of Sukhnag catchment Kashmir
Basin, NW Himalaya.

Geological setup

In the vicinity of the Kashmir Basin, several known and fa-
mous thrusts such as Panjal thrust (MCT), Muree thrust
(MBT), Riasi thrust (RT), and Balakot bagh fault (BBF) con-
sidered to be imbrications of the northward-rooted basal
decollement known as the Main Himalayan Thrust (MHT)
are present (Schelling and Arita 1991; Brown et al. 1996;
DeCelles et al. 2001). In addition to these mountain-
bounding thrust sheets, Balapur Fault (BF) (out-of-sequence
fault) has been mapped in Pleistocene deposits of the Kashmir
basin on Pir Panjal side (Ahmad and Bhat 2012). Past carth-
quake record and neotectonic movements along several faults
in the region indicates that orogenic process are going on
(Valdiya 1998, 2001). The study area extends from 33°54'
to 34°15" N latitude and 74°15' to 74°48" E longitudes (Fig.
1). The headstreams of Sukhnag drain the Pir-Panjal range
from the Nurpur Gali (4086 m) and the Chinamarg peak
(4386 m) and also take care of the drainage of Toshamaidan.
The Sukhnag Nala has a length of about 54 km. The Ferozpur
Nala rises in the slopes of the Pir-Panjal range from the
Jamianwali Gali (4084 m) and Apharwat (4143 m). The
Sukhnag catchment has an area of ~975.98 km?.
Geologically, the study area shows quite diverse rock types
ranging from Precambrian to Recent. The commonest of the
rocks present in the area are Panjal traps, Limestones,
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Karewas, and Alluvium. Panjal traps are lying in the extreme
west, Karewas covers most areas in middle, and the recent
Alluvium has covered areas surrounding the Jhelum River
(Fig. 1). The south-western side of the Sukhnag is having high
relief and steep slopes (> 35°). The north-eastern side has low
relief and has a gentle slope (5° to 20°). The structural and
geomorphological features control the direction of flow of
tributaries present in the area. The main stream flows toward
north-eastern direction originating from high mountains. The
area shows great altitudinal variation approximately from
1500 to 4143 m which has well helped and contributed in
development of drainage network.

Methodology

In the present study, the geomorphic indices were computed to
highlight tectonically active areas and to infer the effect of
tectonic activity in the landscape evolution (Ahmad et al.
2013; Bali et al. 2016). Geomorphic indices are used as basic
investigation tool to recognize areas with rapid tectonic activ-
ity (Bull and McFadden 1977; Keller and Pinter 1996) sup-
ported by the investigation of tectonic lineaments, and drain-
age anomalies. Tectonic lineament analysis (Fig. 2) carried
out with the application of different geospatial techniques sup-
ported by geomorphic manifestations associated with these
lineaments at most of the places without the obliteration due
to surface erosional processes (Ali and Ali 2017). Relation of
tectonic features like faults and folds in the development of
landscape were studied by analyzing surface profiles from
digital elevation model and intensive field validation. Six geo-
morphic indices are applied to assess relative active tectonics
(Tat) and to explain the tectonic deformation (Keller and Pinter
2002). These are stream length gradient index (SL) (Hack
1973), hypsometric integral (Strahler 1952), valley-floor
width to height ratio (Vf) (Bull 1977; Bull and McFadden
1977; Bull 1978), mountain front sinuosity ratio (Smf) (Bull
1977; Bull 1978; Bull and McFadden 1977), basin asymmetry
factor (AF) (Hare and Gardner 1985; Cox 1994), and basin
shape index (Bs) (Ramirez-Herrera 1998; Cannon 1976).
Stream length gradient index (SL) was computed by for-
mula: SL = (AH/AL)/L, where AH and AL are the difference
in height and length between two points and L is the total
length, measured from the divide to middle of that two points.
The SL index was calculated in all 14 sub-watersheds along
the main streams and was categorized into three classes: class
1 (SL>500), class 2 (300<SL<500), and class 3 (SL<300) (El
Hamdouni et al. 2007). The hypsometric integral (Hi) was
calculated by H; = (Hymean - Hminimum) / (Hmaximum -
H inimum), Where the maximum and minimum elevation was
directly taken and mean elevation was computed by averaging
more than 50 elevation values uniformly distributed in the
sub-watershed. The Hi values are not only useful to infer the
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Fig. 1. Location map of study area situated in Kashmir basin (a), lithological variation in the area (b)

erosional stage, but highlights the lithological, climatic, and
tectonic variation controlling the area (Huang and Niemann
2006; Molin et al. 2004). The H; index was categorized into
three classes based on convexity or concavity of the hypso-
metric curve: class 1 with convex curves (H>0.5), class 2 with
concave—convex curves (0.4< H;<0.5), and class 3 with con-
cave curves (H;<0.4). The valley floor width to height ratio
was computed along the cross section of all the main stream
channels. Vratio is calculated by V= 2V,/ [(Elg — Eso) + (Erq
— Ey.)] where V, = valley floor width, £}y and E 4 = left and

right side elevations of valley divides as you look down
stream, and Eg. = stream channel or valley floor elevation.
The classification of Vf{-index was carried out using different
values by El Hamdouni et al. (2007), Mahmood and Gloaguen
(2012), and Fard et al. (2015). V; index was categorized into
three classes: class 1 (V;<0.5), class 2 (0.5<V<1.0), and class
3 (Vg21.0) (El Hamdouni et al. 2007). Mountain front sinuos-
ity index (S,,,/) is applied to check the effect of dominant force
either tectonics or erosion on the topography. Mountain front
sinuosity is computed by: S, = L,/ L,, where L, is
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mountain front length at piedmont and L, is straight length of
front (Bull 1977; Bull 1978; Keller and Pinter 2002). Smf’
value were classified into class 1 with Smf<1.1, class 2 range
from 1.1<Smf<1.5, and class 3 with Smf>1.5 (El Hamdouni
et al. 2007). The asymmetric factor (Ag) is used to estimate
tectonic tilting at the scale of a drainage basin (Keller and
Pinter 2002; Hare and Gardner 1985). The asymmetry factor
(Ap) is calculated as: A¢ = 100 (A/A,), where A¢ is the asym-
metry index, A, is total drainage basin area, and A, is drainage
basin area to the right side of master stream (looking down-
stream). The 14 Sub-watersheds of Sukhnag catchment were
grouped into three classes: class 1: (A65 or A<35), class 2:
(35<A<A43 or 57<A<65), and class 3: (43<A<57) (El
Hamdouni et al. 2007). The horizontal projection of a basin
is computed as basin shape index or the elongation ratio (Bg)
(Ramirez-Herrera 1998; Cannon 1976) by B = B,/ B,,, where
B, is the basin length measured from the head to mouth, and
B,, is the basin width measured at its widest point. Elongated
basin shows high Bs values with relatively higher tectonic
activity and circular basin shows low Bs value with low tec-
tonic activity (El Hamdouni et al. 2007). The calculation of
geomorphic indices for each sub-watershed was followed by
computation of classes of relative active tectonics (Iat).
Relative active tectonics (Iat) is carried out by taking average
of different classes of geomorphic indices (S/n). Four classes
of ITat depending on the level of tectonic influence in various
sub-watersheds are class 1 is very high tectonic activity with
S/n value range between 1 and 1.5; class 2 is high tectonic
activity with S/n value of 1.5 S/n > 1.5 but < 2; class 3 is
moderately active tectonics with value of S/n > 2 but < 2.5;
and class 4 is low active tectonics with value of S/n > 2.5 (El
Hamdouni et al. 2007). The tectonic classes observed were
supported by the correlation with tectonic lineaments (Ali
and Ali 2017) and field evidences collected during the study.

Result and discussion
Geomorphic Indices

Stream length-gradient index (SL) and longitudinal river
profiles

Stream length-gradient ratio can be used as sensitive indicator
to examine the reach scale change in rock resistance, topog-
raphy, and tectonic function. Streams flowing through differ-
ent rocks and soils of strength variations tend to reach equi-
librium with specific longitudinal profiles and hydraulic ge-
ometries (Bull 2007; Hack 1973). It can be applied to assess
relative tectonic activity in a river basin (Dar et al. 2014;
Zhang et al. 2011; Keller and Pinter 2002). The SL values
for main channel were calculated from digital elevation model
(DEM) in Arc GIS 10.2 software. The SL values range from
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109 to 1875 (Fig. 3c) for Sukhnag river with anomalously
high and low values over the geomorphic breaks originated
by the tectonic activity, presence of hard and soft rocks; thus
highlighting the structural influence on the topographic man-
ifestation. Stream length-gradient index was calculated for
sub-basin streams as well; the value ranges from 160 lowest
for SF13 mouth side to 775 highest for SF7 present toward
source side. The SL index was classified into three classes:
class 1 (SL>500), class 2 (300<SL<500), and class 3
(SL<300) (El Hamdouni et al. 2007) shown in Fig. 3a. The
high SL values are observed where rivers are crossing the hard
rocks and other tectonic features and reveals comparatively
high tectonic activity with convex profile. Alternatively, low
SL values were associated with relatively low tectonic activity
with softer and less-resistant underlying rocks (Keller and
Pinter 2002; Hack 1973). The high SL values observed in
terrain with underlying soft rocks also indicated influence of
recent tectonic activity. Thus, the streams flowing from south-
west side (higher altitudinal topography) showed higher
stream length-gradient compared to streams flowing in north-
east side (plainer topography) (Fig. 4a).

Moreover, the study of longitudinal river profiles of large
streams are best representation of shape of valleys, which is
usually smooth concave developed by action of rivers.
Different geomorphic and tectonic processes of varying inten-
sity have great influence on development of streams and their
morphology. The analysis of longitudinal stream profiles pro-
vides evidences of lithological, tectonic, and fluvial processes
dominating in the area. The longitudinal profile is an erosional
curve used to interpret the surface history and different stage
of valley growth from source to mouth. Analysis of stream
profiles correlated with lineament distribution suggests more
lineaments toward the Pir-Panjal side and unusual behavior of
streams and stream beds in the form of knick points, and
abrupt stream bending at lineament stream interaction.
Moreover, dominance of more or less convex type stream
profiles is attributed to higher tectonic activity than erosion
in the area (Fig. 3b).

Hypsometric curve and integral (H;)

The hypsometric integral (Hi) is elevation distribution across
an area of land from one drainage basin to entire planet
(Strahler 1952). The Hi is the area below the hypsometric
curve, thus expresses the volume of a basin that has not been
eroded. It is a useful tool to distinguish the areas showing
tectonic activity and the area which are inactive (Keller and
Pinter 1996).

The shape of hypsometric curve and the value of hypso-
metric integral not only supply useful information related to
the erosional stage, but also on lithological, climatic, and tec-
tonic variation controlling the basin (Huang and Niemann
2006; Molin et al. 2004). According to generated results, the
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H; value showed range between 0.14 and 0.56. The H; index
was categorized into three classes based on convexity or con-
cavity of the hypsometric curve: class 1 with convex curve
(H>0.5), class 2 with concave—convex curve (0.4<H;<0.5),
and class 3 with concave curve (H;<0.4). The Hi value calcu-
lated for the whole catchment is 0.509 and for sub-watersheds
given in (Fig. 5a, b and Table 1), which indicates convex
hypsometric curve. High values of the hypsometric integral
are possibly related to young active tectonic, thus high values
of index among 14 sub-watersheds highlighted that most of
the area has high topography relative to the mean, possibly
less eroded and younger terrain originated by active tectonic
activity. Low values of H; with concave curves are attributed
to more eroded older landscape and less influenced by recent
tectonics activity (Fig. 5b).

Valley floor width to height ratio (V)

Valley-floor width to height ratio is based on observation that
areas with rapid uplift are cut by incised streams, narrow val-
ley floors, and v-shaped valley profiles. High V; value indi-
cates wide and flat valley floor while as low V;value pertains
to actively uplifting v-shaped valleys. Evaluation of valley-
floor width to valley height acts an indicator representing

oY . 2
T N

whether the stream is actively down cutting or mainly eroding
laterally into the adjacent hill slopes. The Vratio range is 0.21
to 65.08 for different valley shapes. The areas with narrow and
deep valleys have low V; values < 1.0, are classified as “V”-
shaped valleys and the areas showing V¢ between 1 and 1.5
reveals moderately active, and the valleys with V¢> 1.0 can be
classified as “U”-shaped valleys; these areas subject to major
lateral erosion due to right lateral motion. The V;index cate-
gorized into three classes are class 1 (Vy<0.5), class 2 (0.5<V;
<1.0), and class 3 (V¢> 1) (El Hamdouni et al. 2007). These V,
values and valley shapes are shown in the map by V-shape
and U-shape profiles. The V-shaped valleys indicate that the
upstream tributaries are deeply incised while the U-shaped
valleys indicate that the downstream side has flat valley floors
(Fig. 6). The SW-side of the catchment showed V-shaped,
deeply incised valleys which indicates the action of forceful
tectonic activity.

Mountain front sinuosity (S,

The tectonic activity produces a straight front while as erosion
cuts it into sinuous feature. S, reflects competing forces of
tectonics and erosion. It can be applied to highlight the dom-
inance of either tectonic or erosion forces. The S,,,svalues in an

Fig. 4 Field evidence of some of the tectonic signatures observed at different places along the channel, a high gradient stream, b linear ridge, ¢ back

tilting, and d linear valley
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Table 1 Hypsometric integral of

14 sub-watersheds Sub- Max. Min. elevation Mean elevation Hypsometric integral Class
basin elevation(m) (m) (m) (Hy
SF1 4176 2405 3391 0.5567476 1
SF2 4346 2434 3464 0.5387029 1
SF3 4460 3018 3745 0.5041609 1
SF4 4314 2456 3444 0.5317546 1
SF5 3177 1700 2363 0.4488829 2
SF6 3601 1801 2538 0.4094444 2
SF7 3827 1701 2586 0.4162747 2
SF8 3448 1776 2226 0.2691388 3
SF9 2508 1672 2019 0.4150718 2
SF10 1883 1574 1641 0.2168285 3
SF11 3619 1592 2032 0.2170696 3
SF12 2198 1571 1778 0.3301435 3
SF13 1857 1573 1613 0.1408451 3
SF14 2020 1572 1674 0.2276786 3

active regions range between 1.0 and 1.6, slightly active re-
gions from 1.4 to 3.0, and inactive regions from 1.8 and > 5
(Bull and McFadden 1977). Some researchers have proposed
that Smf index less than 1.4 are indication of tectonically ac-
tive fronts (Rockwell et al. 1985; Burbank and Anderson
2001; Silva et al. 2003). Straight profiles with low S,,r value
is indication of active fronts and irregular or more eroded
profiles with high §,,,- value is indication of less active fronts
or inactive (Wells et al. 1988). Fourteen mountain fronts were
selected and their S, was computed. The §,,, ranges from
1.095 to 2.244, and are given in Table 2 and Fig. 7. Most of
the mountain fronts fall in tectonically active class, suggesting
tectonically active nature with less dominance of erosion, al-
though tectonics diminishes toward the plainer side (NE) of
the catchment. This diminishing of tectonic activity toward
plainer soft ground side can be due to obliteration of surface
evidences of structures due to erosion with time.

Drainage basin asymmetry (A;)

The asymmetric factor (Ag) can be applied to estimate tectonic
tilting at the scale of a drainage basin (Keller and Pinter 2002;
Hare and Gardner 1985). The Ay factor is close to 50 for basins
developed under stable conditions with little or no tilting. This
factor is sensitive to change in inclination perpendicular to the
stream direction. A factor greater or less than 50 suggests tilt of
the basin (Keller and Pinter 2002). The Af greater or less than
50 can be due the action of one or joint action of many of these
as active tectonics, lithostructural control, differential erosion,
e.g., the stream slipping down the bedding plains over time (El
Hamdouni et al. 2008; Mahmood and Gloaguen 2012). The A
value is 65.53 which infers that the master stream has left shift
in the catchment. This drainage shift and basin tilting is also
inferred as the right side tributaries are longer and the greater

number of tributaries joins the river. Drainage density of right
side tributaries is high indicating uplift of basin to the right side
(Fig. 8a). A factor varies from 22.97 (SF 5) to 77.25 (SF 9).
The sub-watersheds were grouped into three classes: class 1:
(Ap>65 or A35), class 2: (35<A<43 or 57<A<65), and class
3: (43<A<57) (El Hamdouni et al. 2007). The sub-watershed
wise variation observed in Ay factor indicates that higher and
lower A¢ areas have been greatly influenced by the tilting
caused along the active structures encountered in the area
(Fig. 8b).

Basin shape index (B;)

Tectonically active regions have relatively young drainage
basins of elongated shape normal to topographic slope of a
mountain. The areas of low tectonic processes or continued
evolution, the basin shape changes from elongated to more
circular (Bull and McFadden 1977). Bs was calculated from
DEM and categorized into three classes: class 1 (B; >4), class
2 (3<Bs<4), and class 3 (B, < 3) (El Hamdouni et al. 2007).
The basins with high B are counted as elongated indicating
relatively higher tectonic activity while basins with low By are
counted as circular-shaped indicating relatively low tectonic
activity. Elongated and steep basins are generally developed
by rapidly uplifted mountain fronts; and widening of the basin
occurs from the mountain front when tectonic activity dimin-
ishes or ceases (Bull and McFadden 1977; Ramirez-Herrera
1998). The calculation of B, can reveal the rate of active tec-
tonics of the area. The B, index varies from 1.22 for (SF1) to
4.17 for (SF12) and has been categorized into 3 classes. The
By index for Sukhnag catchment is 3.06. The sub-watersheds
having B index greater than 3 indicates more or less elongated
nature attributed to active tectonic impact.
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Fig. 5 Hypsometry curves. a Curve of 14 sub-watershed, b curve of whole catchment, and ¢ Hi classes of whole catchment.

Relative tectonic activity (/at)

its distribution in the catchment (E1 Hamdouni et al. 2007). The

relative tectonic activity (lat) is obtained by the average of the

The computations of geomorphic indices have helped to eval-  different classes of geomorphic indices (S/n) computed under
uate the tectonic activity in the study area. The role of the  investigation of the present study. The earlier research on rela-
individual tectonic parameters and an average of these six indi-  tive tectonic activity using geomorphic indices tends to focus

ces were applied to assess the relative tectonic activity (laf) and ~ on a particular mountain front or area (Azor et al. 2002; Bull
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Fig. 6 Distribution map of valley floor width to height ratio with associated V-shaped valleys highly incised in upstream and U-shaped valleys in
downstream side have flat valley floors

Table 2 Mountain front Sinousity (S,,) of Sukhnag catchment,
Kashmir Basin

S No. Lo L Simg = Lint/Ls Inference

1 19.8448 14.0305 1.416 Tectonically active
2 11.3223 9.52311 1.189 Tectonically active
3 11.0206 49121 2244 Inactive settings

4 731669  4.91823 1.488 Slightly active

5 3.73421 3.41054 1.095 Tectonically active
6 524289  4.03313 1.299 Tectonically active
7 3.304 2.79847 1.181 Tectonically active
8 4.02781 3.29496 1.222 Tectonically active
9 1.20577 1.08057 1.116 Tectonically active
10 2.71528 2.34707 1.157 Tectonically active
11 5.6447 3.95396 1.428 Slightly active

12 11.6778 9.78312 1.194 Tectonically active
13 3.49443 2.91856 1.197 Tectonically active
14 3.17245 2.56697 1.236 Tectonically active

and McFadden 1977; Molin et al. 2004; Rockwell et al. 1985).
The obtained values of geomorphic indices are categorized into
four relative tectonic classes to depict the level of active tectonic
influence; class 1 is very high tectonic activity with value rang-
ing between (1.0<lar<1.5); class 2 is high tectonic activity
based on values ranging between (1.5< lat<2.0); class 3 shows
moderate tectonic activity based on value ranging between
(2.0< 1at<2.5); and class 4 with low tectonic activity with value
of lar>2.5 (El Hamdouni et al. 2007). The 14 sub-watersheds
have been divided into four tectonic activity classes based on
the Iat values. In the four relative active tectonic classes, no sub-
watershed falls in class 1, i.e., very high active tectonic class.
About 33.96% (331.505 km?) in class 2; 32.40% (316.255
km?) in class 3; and 33.54% (327.351 km?) in class 4 category
of relative active tectonics.

Lineament analysis and field evidence
Lineaments of tectonic significance were delineated using

false color composite (FCC), edge enhancement filters, and
DEM-derived product to infer the tectonic behavior of
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Fig. 7 Mountain fronts sinuosity

(Smf)

seismically active Kashmir basin (Ali and Ali 2017).
Lineament map shows high lineament density toward Pir-
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Fig. 8 a Drainage shift, basin
tilting. b Drainage basin
asymmetry variation of 14 sub-
watersheds

Hard Rocks

Main Stream
Lineaments

Basin Assyn:et
Classes

~ Class1
; Class 2
Class 3

faulting with the superposition of several thrusts from north-
east to southwest are, the MCT/Panjal thrust, MBT/Murree
thrust, Riasi thrust, and Kotli thrust (Thakur et al. 2010).
The lineament density showed maximum correlation with
the regional tectonic structures and high density earthquake
zones surrounding the Kashmir Basin (Shah 2013; Ali and Ali

2017) (Fig. 9). Moreover, the faults like Balapur fault (Ahmad
et al. 2013; Ahmad and Bhat 2012), Tosamaidan Fault, and
other linear structures showed dominantly NW to SE trend
investigated using rose diagrams (Ali and Ali 2017), linearly
related with of distribution of earthquake epicenters in the
surroundings.
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Lineament mapping is valuable element to recognize the
tectonic behavior of the area (Kassou et al. 2012). The sub-
watersheds with presence of structural features/lineaments
showed higher relative tectonic activity. The parts of catch-
ment which shows high density of tectonic lineaments con-
cords with the tectonic behavior recognized by computation of
relative tectonic activity. The area with higher lineament den-
sity falls in class 2, i.e., high tectonic activity based on values
of geomorphic indices in Tat computation. A lot of field evi-
dences were found associated with the lineaments in high
tectonic activity area dominated by V shaped valleys (Fig.
4d), back tilting (Figs. 4c, 10d), linear mountain fronts, linear
valleys and ridges (Fig. 4b, d), and steeply dipping rock for-
mations (Fig. 10c) can be geomorphic evidence of recent tec-
tonic activity. The high tectonic activity area showed number
of rock deformations and vertical displacement evidences in
the form of fault offsets (Fig. 10b) and macro-folds (Fig. 10a)
highlighting the effect of recent uplift of Pir-Panjal on the
Kashmir basin. Moreover, the area showed dominantly soft-
sediment deformation structures (Ali and Ali 2018), intense
folding (Fig. 10e), micro-faulting, and sills with shuttered
bounding surfaces are possible evidences developed by the
effect of paleo-earthquake vibrations in the Kashmir Basin.
Tectono-geomorphic features and earthquake distribution pat-
tern are associated and strongly controlled by the regional
tectonic structures responsible for the seismic hazard (Ali

and Ali 2020). Moreover, the effect of faults on terrain was
observed with active moments uplifting the southwest side
and subsiding the northeast side of Kashmir basin (Shah
2013).

Conclusion

The investigated catchment is part of Kashmir basin lying in
seismically active zone, NW Himalaya. The computation of
geomorphic indices have proven useful tool in evaluating rel-
ative tectonic activity. The geomorphic indices computed for
assessing the relative tectonic index (Iat) was performed by
the combination of geomorphic indices. The total area is di-
vided in four classes using the lat-Index. In the four relative
active tectonic classes, no sub-watershed falls in class 1, i.e.,
very high active tectonic class. About 33.96% (331.505 km?)
of area falls in class 2; 32.40% (316.255 km?) to class 3; and
33.54% (327.351 km?) to class 4. More than half of the area
falls in class 2 and 3, i.e., high to moderate tectonic activity.
The sub-watersheds of high to moderate tectonic activity
were found in which a number of structural lineaments and
other structural features showed their presence and influence
on geomorphic manifestation. The SL and Hi values at some
places were very high, which indicates an indication of fold-
ing and faulting. Moreover, straight and deep narrow valleys,
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Fig. 9 Regional tectonic structures and high density earthquake zones surrounding the Kashmir Basin
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Fig. 10 Field evidences
encountered in the area: a macro-
folding, b sand sills with upper
and lower shuttered surfaces
associated with faulting, ¢ steeply
dipping lithology, d back tilting in
Karewas, and e intense folding in
Lower Karewas toward Pir-Panjal
side

and deformed deposits were found in these high to moderate
tectonic areas. The Vf-index suggests high incision rate
linked with tectonic uplift which developed the deep and
narrow valleys. Various field evidences support the active
tectonics in parts of the catchment and showed concordance
with the value of active tectonic indices and classes based on
Iat index. During the field investigation along the structural
lineaments in high tectonic areas, deformation was observed
in the form of fault-offsets, back tilting and folding, and other
geomorphic anomalies like stream deflection, straight
streams, and knick points in various longitudinal river pro-
files at lineament crossing. Thus, the present study helped in
evaluating the relative tectonic activity of seismically active
area, NW Himalaya.

Intense Folding in Lower Karewas
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